can stable gene silencing of an endogene occur in a § Present address:
at the same locus enhances the probability of silencing (Meyer, 1996) . Therefore, we aimed at increasing the chance of tandem integrations of the transgenes by linearizing the plasmid DNA with EcoRI (pHIN26 and pHIN28) or HindIII (pION26). Culture filtrates from 56 cotransformants were screened for the absence of INF1. Six out of thirty antisense transformants (PY23, PY31, PY37, PY47, PY53 and PY57) and three out of twentysix sense transformants (OY1, OY8 and QY1) failed to produce INF1 or produced significantly reduced amounts of INF1 (Figure 2 ). Twenty control transformants containing only the geneticin resistance construct (Y10 and Y15 are shown in Figure 2) , and forty-seven cotransformants (of which ten are shown in Figure 2 ) produced INF1 in similar amounts as the wild-type recipient strain 88069. Obviously introduction of inf1 sense and antisense constructs can lead to deficiency in INF1 production in 11% to 20% of the transformants.
Furthermore, we checked whether integration of a promoter-less construct also leads to silencing of inf1. Transformants were generated with one or more integrations of plasmid pFB7 containing a full-length inf1 cDNA correlates with absence of inf1 mRNA in the mycelium, total RNA was isolated from in vitro-grown strains and In order to address these questions, the inf1 gene of Northern blot analyses were performed. High levels of P. infestans was selected as a target gene. This gene inf1 mRNA were detected in the recipient strain 88069, in encodes the secreted protein INF1, a member of the the INF1-producing cotransformants, and in the control elicitin family (Kamoun et al., 1997a (Kamoun et al., , 1997b To investigate whether the gene silencing observed mutants deficient in the production of the secreted proin the inf1 silenced transformants is gene sequence spetein INF1, strain 88069 was transformed with the genetcific, expression of the related inf2b gene was analyzed icin resistance construct pTH209 and cotransformed by hybridizing the Northern blot with an inf2b probe with constructs containing inf1 in either sense (pION26 (Figure 2 ). The inf2b gene belongs to a separate class or pHIN26) or antisense (pHIN28) orientation (Figure 1) . within the elicitin gene family but shares 60% DNA homology to inf1 over the homologous region of the open It has been described that integration of multiple copies reading frames (Kamoun et al., 1997a). Equal levels of from reduced mRNA stability. To distinguish between inf2b mRNA were detected in all tested transformants these two possibilities, nuclear run-on assays were peras well as in the wild-type strain, suggesting that expresformed. Nuclei of mycelia of wild-type strain 88069, consion of the inf2b gene was not affected by the presence trol transformant Y15, antisense transformant PY37, of the transgenic inf1 gene sequences. Hence, we conclude that inf1 gene silencing in P. infestans is gene sequence specific.
Silencing Is Not Due to Gene Disruption
To determine whether deficiency in inf1 mRNA is associated with disruption or displacement of the endogenous inf1 gene, genomic DNAs of the transformants were analyzed on Southern blots. Hybridization of BamHIdigested DNA with an inf1 probe resulted in a 2.3 kb hybridizing fragment in all tested transformants and in the recipient strain ( Figure 3A ). This fragment corresponds to the endogenous single locus inf1 gene, thereby demonstrating that in all transformants the endogenous inf1 gene remained intact. Multiple hybridizing fragments, representing integrations of the transgene constructs, were only observed in the cotransformants. Apparently, the observed inf1 silencing is not based on inactivation due to disruption.
Southern blots, containing genomic DNA digested with enzymes that recognize single restriction sites in the transgenic plasmid DNA, were hybridized with probes specific for the promoters of the transgene constructs (ham34 for pHIN26 and pHIN28 and ipiO for pION26). This resulted in a strong hybridizing band of the size of the linearized plasmids in almost all transformants ( Figure 3B ), indicating that tandem integration of the constructs had occurred. However, the strong hybridizing band was not observed in the inf1-silenced Figure 4A , the control transformant Y15 produced similar steady state levels of nuclear inf1 RNA as wild-type strain 88069, whereas the silenced strains contained no or very low levels of nuclear inf1 RNA. Quantification of the hybridization signals showed that the silenced transformant PY37 does not contain sense inf1 mRNA whereas QY1 contains very few inf1 primary transcripts, only up to 5% compared to the levels in 88069 and Y15. QY1 also showed small amounts of INF1 protein on silver-stained gels ( Figure  2 ). Inf1 antisense RNA could not be detected in any of the silenced transformants. Inf2b and actin mRNA levels were similar in all strains tested, and antisense RNAs were absent. These results demonstrate that inf1 silencing in P. infestans is not based on a high turnover of inf1 mRNA. Instead, inhibition of transcription is more likely.
Silencing Is Not Correlated with Hypermethylation of DNA
To investigate a possible role of DNA methylation in transcriptional silencing of inf1, genomic DNAs isolated from the wild-type strain, a control transformant (Y15), and four silenced transformants (QY1, OY1, PY37, and SY21) were digested with restriction enzymes suitable to detect cytosine or adenosine methylation and analyzed by Southern blot hybridization with inf1 probes. The following isoschizomeric restriction enzyme pairs were used: HpaII/MspI (recognizes CCGG), Sau3A/MboI (recognizes GATC), and DpnI/MboI (recognizes GATC). HpaII and Sau3A are sensitive to cytosine methylation, and MboI is sensitive to adenosine methylation. Also, restriction enzymes AluI (recognizes AGCT) and HhaI 
Gene Silencing in Heterokaryons of P. infestans
The strong hybridizing bands a-g correspond to DNA fragments To determine whether gene silencing is dominant in hetindicated by a-g in the transformation constructs shown at the erokaryotic strains, forced heterokaryons of inf1-silenced bottom.
transformants and a nonsilenced wild-type strain were Subsequently, the homokaryotic strains derived from Silencing in the heterokaryons remained stable during the heterokaryons F56, F96, and F10 were screened for vegetative growth on medium containing both G418 and INF1 protein production and inf1 gene expression. All hyg.B for at least 9 months (data not shown). Similar inf1 transgenic (G418-resistant) homokaryotic strains results were obtained upon fusion of PY23 with W1, derived from the silenced heterokaryotic strains F56, and QY1 with W1 (data not shown). In all cases, the F96, and F10 remained fully silenced (homokaryons heterokaryons represented the whole range of INF1 phe-G1-G5 derived from F56 are shown in Figure 6 ). In the notypes: some produced no INF1 at all, whereas others G418-resistant single zoospore isolates G1-G5, the inf1 produced reduced or similar amounts as the wild type. mRNA levels were less than 0.1% of the wild-type level, These results demonstrate that inf1 gene silencing in which is comparable to the reduction found in the heterheterokaryotic strains can be dominant and act in trans.
okaryotic strain F56 and the parental strain PY37. Surprisingly, silencing was also observed in all homokaryoInternuclear Transfer of the Silenced State tic isolates resistant to hyg.B (homokaryons H1-H5 To investigate whether the silenced state can be transderived from F56 are shown in Figure 6 ). In these single mitted from nucleus to nucleus, single unicellular and zoospore isolates, inf1 mRNA levels were reduced varyuninucleate zoospore cultures were obtained from the ing from 3% (H1) to 18% (H5) of the wild-type level and silenced heterokaryons. Zoospores from heterokaryons little or no INF1 protein was found. F56 and F96 (fully silenced), from heterokaryon F10
In order to confirm that karyogamy did not occur in (partly silenced), and from the parental strains PY37 and the heterokaryons, BamHI-digested genomic DNA of the W1 were plated onto medium without antibiotics and parental strains W1 and PY37, heterokaryotic strain F56, on medium containing either G418, hyg.B, or both G418 and its derived homokaryotic single zoospore isolates and hyg.B. No colonies resistant to both antibiotics were (H1-H5 and G1-G5) were hybridized to a probe of the hpt recovered, suggesting that karyogamy had not occurred in these heterokaryons. In all cases, equal numbers of gene ( Figure 7B ). One hybridizing band was observed in transgenic inf1 sequences could only be found in the G418-resistant strains ( Figure 7A ). Southern blot analysis of the single zoospore homokaryotic strains derived from F10 and F96 gave similar results (data not shown). Apparently, karyogamy did not occur in the heterokaryotic strains tested. To investigate whether mutations in the DNA sequence of the endogenous inf1 gene are responsible for loss of INF1 production in the silenced strains, the nontransgenic inf1-silenced single zoospore isolates resistant to hyg.B (H1-H5) appeared to be ideal. In those strains, the endogenous inf1 gene can be amplified by PCR from genomic DNA without interference of transgenic inf1 sequences. Sequence analysis of PCR fragments corresponding to endogenous inf1 derived from four silenced homokaryotic strains (H1, H3, H4, and H5) did not reveal any consistent base pair mutation (data not shown).
These results demonstrate that inf1 in wild-type nuclei remains silenced in the absence of transgenic inf1 sequences, indicating that internuclear transfer of the silenced state must have occurred.
Discussion
Here, we describe a novel gene-silencing phenomenon in the oomycete Phytophthora infestans. Stable silencing of an endogenous target gene was achieved following transformation with antisense, sense, and promoter-less gene constructs. Efficient silencing was also manifested in heterokaryotic mycelia obtained by protoplast fusion of a transgenic silenced strain and a nonsilenced strain, suggesting the involvement of a trans-acting silencing signal. Furthermore, we discovered that the presence of nuclear transgenic sequences is not essential to retain silencing of an endogenous gene: homokaryotic strains, 
Internuclear Gene Silencing
Is Internuclear Gene Silencing in P. infestans Related to Paramutation? A major advantage of using a fungus or a fungus-like organism for dissecting gene-silencing mechanisms is Interestingly, the internuclear silencing observed in P. infestans is a trans-inactivation phenomenon that shares that individual nuclei can easily be separated and multiplied by regenerating mycelium from single vegetative similarities with paramutation. Paramutation is an epigenetic phenomenon involving either allelic interactions or spores. Subsequently, fusion of protoplasts derived from different homokaryotic strains will result in stable interactions between homologous unlinked loci (e.g., endogenes and transgenes) and resulting in persistent heterokaryotic strains carrying nuclei with different characteristics. Here, we report efficient gene silencing in changes in expression even after the interacting alleles or genes segregate in the progeny (Meyer et al., 1993; heterokaryons of P. infestans containing inf1 transgenic and nontransgenic nuclei, thereby demonstrating that Hollick et al., 1997). Alleles that are sensitive to paramutation are termed "paramutable," and alleles that incite silencing is dominant and acts in trans to silence the target gene in both transformed and untransformed nuparamutation are termed "paramutagenic." Examples of paramutation are so far limited to plant genes, but there clei. Moreover, inf1 silencing is stably maintained in homokaryotic strains obtained following nuclear separaare indications that paramutation occurs in a wide variety of biological systems (Hollick et al., 1997). tion of the silenced heterokaryons, even in the absence of inf1 transgenes. Since karyogamy could not be demWe speculate that in the inf1-silenced P. infestans heterokaryons the duplicated inf1 gene sequences in onstrated, it is unlikely that the silenced state of the inf1 gene is transmitted from one nucleus to the other by the transgenic nucleus represent the paramutagenic loci (or silencer loci) and that the endogenous inf1 gene specific DNA-DNA interactions. Also transitory interactions between DNA of inf1 transgenic and nontransgenic loci in the transgenic nuclei and in the wild-type nuclei represent the paramutable loci. These endogenous inf1 nuclei during simultaneous mitotic divisions seem unlikely, since the nuclear envelope and nuclear matrix gene loci have become trans-inactivated and converted into paramutant, inf1-silenced loci. Following separation remain fully intact throughout mitosis in most fungal and oomycete species (Heath, 1980) . We propose a novelof the transgenic and wild-type nuclei, the paramutant inf1 loci in the homokaryotic single zoospore isolates silencing phenomenon in which a diffusible silencing factor is involved in inducing stable gene silencing, and containing a wild-type nucleus retain the reduced level of expression. Among the heterokaryons and homokarywe call this phenomenon internuclear gene silencing.
Even though a silencing phenomenon seemingly simions, we found variation in INF1 protein production ranging from 82% to 97% reduction. Similarly, variation in lar to what we observed in heterokaryons of P. infestans was found in the ascomycete fungus Neurospora crassa, expression of paramutant loci has been found in plants (Meyer and Saedler, 1996) . the mechanisms are not the same. While analyzing the mechanism of quelling in N. crassa, Cogoni et al. (1996) The most extensively studied examples of paramutation concern plant genes that determine flower or seed found that fusion of a wild-type orange-colored strain and an al-1-silenced strain with the "albino" phenotype, color, two phenotypes that, when mutated, are easily recognized in sexual progeny of the primary mutants resulted in "albino" heterokaryons. However, after nuclear separation of the quelled heterokaryons, the recov-(reviewed by Hollick et al., 1997). In general, paramutation is defined as an epigenetic change that is meiotically ered homokaryotic strains containing only wild-type nuclei were orange again, and al-1 was not silenced inheritable. Nevertheless, the paramutation itself takes place in somatic cells and besides being meiotically anymore. This demonstrated that, in contrast to P. infestans, the silenced state in N. crassa is not heritably stable, the paramutant loci are also stable during mitosis. Silencing of inf1 in P. infestans is incited in somatic transmitted from nucleus to nucleus. The presence of transgenes in quelled strains of N. crassa seems to be cells by introduction of homologous transgenes. The presumed inf1 paramutation in nontransgenic nuclei also a prerequisite for maintenance of the silenced state. 
